Human milk is the ideal nutritional support for premature neonates. Considering the need for aggregating nutritional value to human milk provided to such vulnerable group of infants, human milk was concentrated by the block freeze concentration technique. The effects of freeze concentration on the physicochemical properties, the efficiency of the process, color parameters, and the density and dynamic viscosity of human milk were assessed. The freeze concentration technology was used to successfully concentrate human milk to a factor equal to 180.48% and 72% of total solid retention in the second stage of freeze concentration. The values observed in the concentrates for the biochemical properties showed that the fraction of concentrated fluid human milk of the second stage (C2) presented elevated amounts of carbohydrates, protein and energy. The elevated caloric value observed in the ice fraction of the first stage (I1) refers to the retention of lipids in it. When added to human milk, C2 and I1 may satisfy the special requisites of nutrients and energy to guarantee the growth and development of preterm neonates.
Introduction
Human milk is the ideal nutritional support for premature neonates and its use is encouraged at the neonatal intensive care units and after the premature baby goes home [1] . However, the mothers of such premature babies are less inclined to begin expressing milk, sustain lactation and provide their milk soon after birth. Thus, it is recommended that milk from human milk banks is used to provide an exclusive and appropriate diet during the first weeks of life of the baby [2] .
Nevertheless, human milk donors are usually mothers of full-term babies and the milk produced by them has a composition that differs from the milk of mothers of preterm babies, i.e., usually contain less protein and lipids. Moreover, premature neonates need higher caloric intake as compared to full-term newborns [3] .
Halleux et al. [2] and Oliveira et al. [4] reported that preterm newborns are even more vulnerable and immature than full-term newborns of the same postnatal age, presenting higher gastric pH, lower enzymatic activities, faster gastric emptying, and lower concentrations of electrolytes in their digestive fluids, among other limitations. Grance et al. [5] and Lönnerdal [6] emphasize that one of the ways of supplementing human milk for preterm babies would be to add proteins of bovine origin. On the other hand, Errázuriz et al. [7] state that cow's milk proteins are the antigens that most frequently cause sensitivity in infants.
Milk protein allergy in neonates can manifest as digestive, skin and respiratory problems [7] , in addition to a deficiency in growth rate [8] , and the appearance of the illness named necrotizing enterocolitis [9] . Sullivan et al. [10] , and Schanler [9] , report that making use of a diet based on quality human milk can reduce, or even eliminate, the development of enterocolitis.
A few human milk based supplements are available on the Market, but their elevated costs may limit their use [3] [11] . Such supplements may be also obtained by submitting human milk to expensive industrial technologies, such as centrifugation [11] , evaporation [12] , and freeze dry [5] . Despite high-level similarities between human milk and infant formulas, a closer inspection indicates a number of important differences, which may underlie the known nutritional and functional differences between these two sources of infant nutrition [13] . An innovating alternative that aims at supplementing human milk is the concentration of the total solids of such raw material by applying the freeze concentration process. Belén et al. [14] reported that this process promotes the concentration of the liquid food products by freezing and subsequently separating a part of the frozen water.
Freeze concentration is considered a phenomenon that occurs during thawing of a solution resulting in a concentrated phase and another in the form of ice [14] [15] . This process has a few advantages, such as a low chemical deterioration due to decreased enzymatic and microbiological activity and almost no loss of volatile components of the raw material [16] . Hence, freeze concentration is a process able to guarantee a higher quality of the product submitted to it [17] , providing a more selective water removal [18] , in addition to being simple and having lower costs when compared to other industrial techniques. Adding the phases obtained through freeze concentration may increase the nutritive properties of human milk, since that feature is attributed to the low temperatures employed, which avoid the degradation of its components. Thus, using freeze concentration in liquid foods enables the obtainment of products with higher nutritional and sensorial quality, in addition to avoiding undesirable chemical and biochemical changes [17] [19] [20] . In order to improve the efficiency of the process, Aider and Halleux [17] and Chabarov and Aider [21] indicate that is necessary to know the impact of the behavior on the raw material, in our case on human milk, to be submitted to this process considered as an emerging one; thus forecasting the future conditions that will be necessary for applying such technique. There are no reports in the literature on the effect of block freeze concentration on the human milk. The objective of the present study was to evaluate the effect of block freeze concentration on the physicochemical properties and freeze concentration performance on the human milk aiming the utilization of the concentrated fractions in newborn feeding.
Material and Methods

Human Milk Sampling
This study was approved by the Ethics Committee of the Federal University of Santa Catarina. In this study was used human milk samples from 8 donors aged between 21 and 36 years old, between May to July, 2016, as follows: donor 1 (21 years old, 3 weeks of breast feed time); donor 2 (23 years old, 3 weeks of breast feed time); donor 3 (23 years old, 2 weeks of breast feed time); donor 4 (24 years old, 3 weeks of breast feed time); donor 5 (28 years old, 2 weeks of breast feed time); donor 6 (29 years old, 4 weeks of breast feed time); donor 7 (32 years old, 5 weeks of breast feed time); donor 8 (36 years old, 3 weeks of breast feed time).All donors were mothers of full-term babies, who met the criteria established by the Operating Manual for Human Milk Banks [22] for the donation of human milk. The human milk samples from Human Milk Bank of Motherhood Carmela Dutra, Childrens Hospital Joana de Gusmão (Florianópolis, Santa Catarina, Brazil) and Regional Hospital of São José (São José, Santa Catarina, Brazil) were collected manually into sterilized glass jars following the hygiene guidelines outlined in the Operating Manual for Human Milk Banks [22] . Each one human milk sample was submitted to LTLT (low temperature long time) pasteurization, pooled and shaken with vortex turbulence.
Freeze Concentration Procedure
The freeze concentration methodology applied to the human milk was the block freeze concentration, described by Boaventura et al. [23] . The method is based on total freezing of human milk followed by a partial defrosting procedure under simple gravitational separation. This method makes it possible to obtain two fractions denoted as concentrated fluid human milk (C) and ice (I) (Figure 1 ).
An initial weight of 3.48 kg of human milk was divided into three batches of 1.16 kg and then frozen at −20˚C ± 2˚C in a freezer unit (Electrolux, FE 18, São Car- 
Physicochemical Analysis
The titratable acidity (g/100g lactic acid) was determined according to Instituto Adolfo Lutz (IAL) methodology [24] , while the pH values were measured using a pH meter (±0.01) (PHS-3 BW, BEL, Piracicaba, São Paulo, Brazil).
Total solids content (g/100g) was determined by drying of the samples to constant weight at 70˚C under vacuum condition for 24 hours. Protein was estimated by measuring the N content of samples by the Kjeldahl method and multiplying by a conversion factor equal to 6.38. The lipid content was determined according to Gerber method, while the ash content was obtained by gravimetric method. These analytical procedures followed the appropriate standard methods [25] . The value for total carbohydrate was determined by difference. The caloric value (kcal/g) was calculated from the conversion factors, which were equal to 4 kcal/g, 9 kcal/g and 4 kcal/g for protein, lipid and carbohydrates, respectively. All analyses were carried out in triplicate. The chemicals used were of analytical grade and when necessary the solutions were properly prepared and standardized.
Freeze Concentration Performance
The concentration factor at each freeze concentration stage was calculated as a function of the increase of the concentration of the solution in relation to the total solids content (TS) [26] . The concentration factor was obtained as described in Equation (1):
where CF is the concentration factor (%),TS n is the total solid content (g/100g)
at a given freeze concentration stage (n = 1 or 2) and TS 0 is the total solid content (g/100g) of the human milk.
The process efficiency of the freeze concentration process was determined according to Belén et al. [27] , based on the total solids contents (g/100g). Thus, the process efficiency (PE) (%) of the freeze concentration was determined by the increase of TS in the human milk concentrated fluid (C) (g/100g) in relation to the TS remaining in ices I (g/100g) defrosted from each freeze concentration stage (n), as described in the Equation (2):
As recommended by Petzold et al. [28] , to validate the obtained experimental 
Color Analysis
The color analysis of the human milk, concentrated fluid human milk (C1 and C2) and ice (I1 and I2) defrosted samples was determined using a colorimeter Minolta Chroma Meter CR-400 (Konica Minolta, Osaka, Japan), adjusted to operate with D65 lightning and 10˚ of observation angle. The colorimeter was calibrated with a white standard plate and to measure the L*, b* and a* parameters was used the CIELab color scale. The L* parameter ranges 0 to 100 and indicates luminosity (variation from black to white), the b* axis is the variation from yellow (+b*) to blue (−b*) and the a* axis shows the variation from red (+a*) to green (−a*). The value of Hue angle (h*) and Chroma (C*) were determined using Equation (3) and Equation (4), respectively [29] . All analyses were done four times.
( )
Density
The density of the human milk, concentrated fluid human milk (C1 and C2) and ice (I1 and I2) defrosted was determinate by methodology described by AOAC [25] . A glass pycnometer (Gay-Lussac's pycnometer) (previously equilibrated to constant weight at 25˚C) was used. The density (g/cm 3 ) realized in triplicate was calculated using the following Equation (5):
where S ρ is the density of solutions (g/cm 3 ), 1 m is the mass of empty pyc-
m is the mass of pycnometer with water (g), 3 m is the mass of pycnometer with solutions (g), and 
Dynamic Viscosity
The dynamic viscosity was measured using Falling-Ball Viscometer based on the measuring principle by Hoeppler (VEB MLW, Lesskestrabe, Germany), as described by Palczewska-Tulinska and Oracz [30] , with modifications. In this viscometer is employed the rolling-ball principle, which it uses gravity as the driving force. A ball rolls through a closed capillary filled with sample fluid which is inclined at 10˚ angle with vertical axis. The time it takes the ball to travel a defined measuring distance is a measure for the fluid's viscosity. Thus, the inclination angle of the capillary permits the user to vary the driving force. For calculating the viscosity from the measured time, the fluid's density obtained for human milk, C1, C2, I1 and I2 were used. The ball N˚2 with mass of 4.459 g and density equal to 2.228 g/cm 3 was necessary to obtain the viscosity values. A liquid bath thermostat was responsible to maintain the temperature control at 35˚C ± 1˚C, because it is the human milk temperature during the breastfeeding. The reading was done manually by the operator and calculated in triplicate using the following Equation (6).
where η is dynamics viscosity (mPa·s), t is ball rolling time (s), b ρ is ball density (g/cm 3 ), s ρ is sample density (g/cm 3 ) and K is proportionality constant.
Statistical Analyses
The data were expressed as means and standard deviation. The significance of the differences between the means of the milk samples was determined by analysis of variance (ANOVA) followed by Tukey's studentized range (5% of significance). All statistical analyses were performed using the software STATISTICA version 12.0 (StatSoft Inc., Tulsa, OK, USA). Figure 2 and Figure 3 show the titratable acidity and pH, respectively, from each freeze concentration stage for human milk, concentrated fluid human milk fractions (C1 and C2) and ice fractions (I1, I2). No differences (P > 0.05) were found between human milk, C1 and C2 acidity values; nevertheless, they were lower (P < 0.05) for ice fractions (I1, I2). All results were in accordance with the National Health Surveillance Agency of Brazil which classifies the range of 1.0 -8.0˚D (0.01 g/100g and 0.08 g/100g, respectively) as an adequate acidity [22] .
Results and Discussion
However, bacteria that integrate normal human milk microbiota can ferment lactose, resulting in an increase in lactic acid and in an elevation of its acidity.
Pereira et al. [31] , reported that high and low values for human acidity may in-Results are expressed as mean ± standard deviation, among three batches carried out in triplicate for each freeze concentration stage, with three repetitions for titratable acidity. fluence the biological availability of nutrients, such as calcium, which is essential for bone mineralization in preterm infants. Therefore, considering the importance of human milk acidity for its nutritional quality, it should be emphasized that acidic or alkaline overloads result in metabolic acidosis or alkalosis, and its use can cause necrotizing enterocolitis in very low birth weight preterm infants [31] .
Regarding the pH results, no differences (P < 0.05) were observed between C1
and C2 samples, and I1 and I2 samples, respectively. However, when these values were compared with human milk, it was possible to note that lower value (P < 0.05) was obtained for the human milk. According to Cavalcante et al. [32] , those values may vary between 5.47 and 7.84 and depend on the week of lactation and the lipids present. The same authors affirm that human milk can be considered as food that is initially little basic, becoming slightly acidic (up to the 21 st day after birth) and then stabilizing between neutral and slightly basic (up to 180 days after birth). In light of the foregoing, the results observed for pH in this study are within the acceptable parameters.
The results referring to the total solids contents, the concentration factor (CF) and process efficiency (PE) are shown in Table 1 . These results show that it was possible to concentrate the total solids of human milk, and the CF and PE values obtained were higher (P < 0.05) in the second than in the first freeze concentration stage. During the freeze concentration of whey, Aider and Ounis [26] observed that both values, CF and PE, were directly dependent on the total solids content. When concentrating the whey of fresh cheddar cheese [33] , the authors mentioned that the elevated content of free water present in the first two stages of concentration was responsible for the greater efficiency of the process. Sán-chez et al. [34] and Aider and Ounis [26] associated a decrease in the effectiveness of the process with an increase in the viscosity of the solution obtained after increasing dry matter contents and the retention of solids in the ice fraction during the freeze concentration process. A-D Within a column, different superscript uppercase letters denote significant differences (P < 0.05) between the human milk and the C of each freeze concentration stage.
a-d
Within a column, different superscript lowercase letters denote significant differences (P < 0.05) between the human milk and the I of each freeze concentration stage. Within a column, different superscript lowercase letters denote significant differences (P < 0.05) between the human milk and the I of each freeze concentration stage.
1-2 Within a column, different superscript numbers denote significant differences (P < 0.05) between the C of each freeze concentration stage.
In the present study, the small ice crystals produced by slow freezing contained less impurities and solids than those produced by a rapid freezing process. Therefore, the freezing generated a formation of regular crystals, which could account for the increase in CF and PE, contributing to this concentration process. Moreover, Petzold et al. [35] affirmed that the concentration of the solution recovered by the freeze concentration process generally depends on the viscosity of the concentrate, which is directly related to the total solids and lipid contents. In the case of the human milk freeze concentration process, the fat retained in I1 (ice fraction of the first stage) ( Table 2 ) influenced the lower value of PE (P < 0.05). It is noteworthy that the human milk was not skimmed, because this treatment is not applied by human milk banks, i.e., it is only submitted to the Holder pasteurization process (LTLT-low temperature long time). In short, the standardization technology provided for in the human milk processing and quality control manuals issued by Brazilian agencies does not allow the skimming of human Milk. Furthermore, contrary to standardization, the block freeze concentration performed in this study does not employ advanced equipment, which means it can be easily applied in human milk banks. (Table 1) , the values with respect to total solids were lower than the ones verified by Aider, Halleux and Akbache [33] in cheddar cheese whey.
It is noteworthy that concentration processes that use temperatures above 70˚C may result in an irreversible aggregation of protein [26] [34] [36] . Because low temperatures are applied in the freeze concentration process, it seems to be a highly advantageous process that also enables the preservation of nutritive and biological components of foods [26] [37] . The values observed for the total protein, lipid, ash, carbohydrate contents and the calorific value of human milk, concentrates and ice phases resulting from both freeze concentration stages are shown in Table 2 . The analysis of the data referring to the protein content shows that the concentration stage exerted a positive effect on the total protein content of human milk and on the concentrates (P < 0.05). The protein content decreased in I1, with a subsequent increase in I2, in the ice fraction. The same behavior was observed by Aider, Halleux and Melnikova [36] [38] and by Aider and Ounis [26] in the block freeze concentration of milk products, but only beginning at the third stage of concentration. It is known that human milk provides newborns with proteins whose quality is ideal for their nutrition [6] [11] .
However, the enzymatic immaturity of preterm neonates makes them more prone to deficiencies or to toxicity deriving from any excess of amino acids than full-term neonates [39] . There is a decrease in protein contents in mature milk while the needs for proteins of preterm neonates remain high, resulting in the inappropriateness of that nutrient to supply such need. Supplementing human milk with protein is capable of correcting such deficiency [3] [40] . According to Corpeleijn et al. [41] , the European Society for Paediatric Gastroenterology, Hepatology and Nutrition (ESPHGAN) recommends that the supply of proteins for newborns with less and more than 1 kg should be between 3.6 -4.1 and 3.2 -3.6 g/100g, respectively. Thus, the addition of the C2 obtained in this study to the milk of donors could satisfy the recommendation of protein intake of preterm neonates.
The contents of lipids assessed in freeze concentration show that there was a difference (P < 0.05) between human milk and the concentrated and ice fractions. Nevertheless, the analysis of the data did not find any differences (P < 0.05) between the concentrates and it was possible to verify that most of the lipid portion was retained in I1. Similar behavior was observed by Aider, Halleux and Melnikova [37] and Sánchez et al. [42] . The multiple functions exercised by lipids in infant feeding, such as a participation in the composition of cell membranes, myelin and prostaglandins, the delivery of vitamins and fat-soluble hormones, thermal isolation, energy deposit and assistance in the immunological protection of infants should be emphasized [43] . Moreover, they provide for around 50% of infant energy needs [44] . The need for essential fatty acids may result in immunological and neurological changes and alterations in growth and the skin, in addition to behavioral disorders [45] . Just as the content of protein present in the C2 sample, the lipids retained in I1 could also be used to increase the calorific value of human milk and could provide for the increase needs of energy of preterm neonates when necessary.
As in the study conducted by Aider, Halleux and Menilkova [38] , the content of ashes in the C2 fraction was greater (P < 0.05) than the one found for C1 and that of human milk. Upon comparing the milk and the ice fractions, we noted that human milk presented greater ash content (P < 0.05) than I1 and I2. The values presented in this study for the ash contents of human mil are close to the ones observed by Silva et al. [44] for mature milk.
The carbohydrate contents of both concentrates increased with the freeze concentration process, being higher (P < 0.05) for C2. With respect to the ice fraction, we observed a reduction (P < 0.05) of the total carbohydrate contents in I1 and later increase (P < 0.05) in I2. Other studies [26] [36] [37] showed the same tendency in relation to the ice fraction, but beginning from the third stage of freeze concentration. Human milk carbohydrates are highly significant for newborns. Apart from providing energy, Moura [46] states that such carbohy- referred by Corpeleijn et al. [41] with respect to the total carbohydrates recommended for preterm neonates, i.e., between 10.5 and 12.0 g/100g. Table 2 shows the results for protein, lipid and total carbohydrate contents for human milk, the concentrated and ice fractions. The C2 fraction showed a significantly higher (P < 0.05) caloric value than that of human milk or than any other fraction from the freeze concentration process. These results show de importance of the C2 fraction obtained. The caloric value observed for the ice fraction I1 is related to its high lipid retention.
It is a known fact that color is an important parameter influencing consumer choice, being also an indicative of quality [47] , which can influence the acceptability of human milk. Sousa, Delgadillo and Saraiva [48] stated that when the milk is subjected to a different processing, it is expected that changes in color may occur. With respect to the L* parameter (Table 3) , when compared with human milk, it was possible to note its decrease and increase (P < 0.05) for concentrated fractions (C2; C1) and ice fraction from the first stage of the freeze concentration process (I1), respectively. As the L* parameter indicates lightness and the capacity of an object to either reflect or transmit light [49] , this fact probably occurred due to the higher lipid concentration observed in the I1 sample. However, as cited by Verruck et al. [50] the smaller lightness also could be attributed to milk casein.
The results referring to the a* parameter indicate the tendency toward a green color in human milk, as well as in the concentrates and ice fractions. These results occurred due to the presence of riboflavin in the milk, as cited by Magenis et al. (2014) . In relation to the b* parameter the positive values of the samples were found for human milk and I1 fraction, while the other samples showed negative values. These positive and negative values indicate a tendency toward a yellow and blue color, which was also affected by lipid content (Table 2) . These behaviors could be attributed to the presence or absence of carotenoids that have affinity by lipids. As cited before, all color parameters are closely linked to the quality aspects of human milk. However, the Hue (h*) and Chroma (C*) angles, being a function of a* and b*, gives a more realistic perspective than a single Table 3 . Physical properties and color parameters (L*, a*, b*, C*, h*) of the human milk, concentrated fluid human milk (C) and ice (I) for the two freeze concentration stages. color. The Hue angle indicates visual assessment of food discoloration, while the Chroma represents its color saturation. Therefore, the results obtained for h* indicated that all fractions obtained during the freeze concentration process were affected (Table 3) , where the sample with the more and less pronounced tonality is represented by the fractions I1 and I2, respectively, but none was equal (P < 0.05) to the human milk. The C* results indicated that the greater color saturations were observed for the C1 and I1 samples and this fact could be credited to the greater protein (casein) and lipid contents (Table 2 ) present, respectively.
Other important physical parameters for the human milk are the density and the viscosity. Sousa and Silva [51] and Aider and Ounis [26] affirmed that the density and the viscosity, respectively, could be related to the total solid content of raw material. Moukarzel and Bode [52] highlighted that although much attention is often given to the composition and caloric value of human milk, density and viscosity are essential for pre-term infant feeding.
It was observed (Table 3) for the density value a slight increase (P < 0.05) in the concentrated, while for ices fractions no differences (P > 0.05) were verified, when compared with the human milk. According to Oliveira et al. [4] supplements with density values close to those of the human milk are desirable for pre-term infants. These authors stated that low density values contribute for gastric stabilization, thus human milk could be a protective mechanism favoring emptying and compensating the immature gastric motility in preterm newborns.
Despite C2 shows the highest (P < 0.05) viscosity result (Table 3) , it should be noted that it is composed by human milk. Normally, a problem with supplements with high viscosity values is related to the sensitivity of newborns to cow's milk. Corvaglia et al. [53] highlighted that cow's milk induces gastric dysrhythmia, which can lead to a severe impairment of gastric motor function and also to an exacerbation of gastro-esophageal reflux, and delayed gastric emptying.
Therefore, the higher C2 viscosity obtained in this study does not represent a negative factor, since such concentrate would not be directly supplied to preterm infants, but would be added to the milk of donors when necessary.
Our results reinforce the need for carefully controlling and optimizing all of the steps in human milk processing, in order to explore alternative treatments for human milk concentration, using its fractions for replacing preterm baby supplements that frequently contain proteins from cow's milk. So, our results support early initiation of human milk fortification to increase protein, lipid and caloric intake by newborns. Finally, in the future, this work could contribute to the implementation of this efficient technology at human milk banks and might help reduce term and preterm infant morbidity and mortality, allowing infants to achieve their full potential for growth and development.
Conclusions
The results obtained in this study showed that the block freeze concentration process can be applicable to the concentration of human milk. The concentrate from stage 2 and the ice fraction from first concentration stage show potential to be used as protein and lipid human milk fortifier, respectively. Therefore, both fractions could improve the weight gain and growing of premature infants.
Finally, this process showed to be safe to freeze concentrate human milk and, because it is a simple and inexpensive method, it can be employed at any Human Milk Bank.
